INTRODUCTION
Electrical Power Quality is probably the most important issue in modem electrical grids. Low Power Quality, costs more than €150 billion a year to business in Europe [1] . Therefore Electrical Power Quality improvement represents for companies lower costs, productivity increasing, efficiency increasing, and less equipment malfunction.
In recent years is being made an effort to address the Electrical Power Quality problems, and consequently several power electronics solutions have been developed. One of the most innovative solutions are the Shunt Active Power Filters [2] . There have been presented several types of these power electronics devices and their improvement is notorious [3] , [4] . There are several topologies of Shunt Active Filters, but they can be generally classified in two main groups: Voltage-Source Active Filters and Current-source Active Filters.
An extensive work has already been made in Active Power Filters that use voltage-source inverters, but the use of current-source inverters in these equipment, can still be object of further improvements and developments.
Current-source inverters have been used in several applications such as motor drives [5] , renewable energy grid connection systems [6] , and as referred before, Shunt Active Fi Iters [7] .
Current-Source Active Filters present several advantages, namely: excellent current control, easy protection, high reliability and high efficiency also with low power loads [7] . The fact that in the DC side there is an inductance is also an advantage relatively to Voltage-Source Active Filters, because the lifetime of an inductance is superior to the lifetime of a capacitor.
The main disadvantages of this type of active filter are the bulky DC link inductor, the high DC-link inductor losses, the overvoltage protection circuit that is necessary to protect the inverter, and the slow dynamics inherent to this type of inverter [8] . Nevertheless, as has been said before, the use of current-source inverters can still be much explored in the area of solving Power Quality problems.
In this paper are presented simulation and experimental results of a Current-Source Shunt Active Filter operating with periodic-sampling modulation technique. The reference currents generation and control of the Current-Source Active Filter is done using the p-q Theory. The active filter DC-link current regulation is also done with the p-q Theory, and with a PI controller.
II.
CURRENT -SOURCE SHUNT ACTIVE POWER FILTER
TOPOLOGY
The topology of the developed Shunt Active Power Filter is constituted by a three-phase three-wire current-source inverter (Fig. 1) . In the DC-link of the inverter was placed an inductor. This inductor has a large size, which is necessary to keep the DC-link current (ide) ripple low, so that the inverter produced currents (ip;) are not affected. The proposed topology uses 6 IGBTs in series with diodes. The diodes are placed in series with the IGBTs because the IGBTs do not have reverse-blocking capability. In the output of the inverter were placed LC low-pass filters, to filter the compensation currents produced by the active filter. These passive filters were dimensioned to minimize the inverter switching noise, and to maximize the bandwidth, so that the Current-Source Shunt Active Filter can also compensate high harmonic order components of the load currents.
The transfer function of the LC low-pass passive filter is described by (1). The resonance frequency of the passive filter is given by (2).
Keeping in mind that the adopted switching technique is Periodic-Sampling, the values of the passive filter were adjusted to get the maximum performance, i.e., lower THD in the compensated currents. In Table I are presented the parameters of the passive filter. In Fig. 2 can be seen the frequency response (gain and phase) of the passive filter. 
III. PERIODIC SAMPLING SWITCHING TECHNIQUE
There are several switching techniques that can be used in Shunt Active Power Filters, namely space-vector modulation and carrier-based pulse width modulation [8] , [9] . However, in this case was implemented the Periodic-Sampling modulation technique. Although the current THD of this switching technique is higher than the current THD of other switching techniques, and the switching frequency is not clearly defmed [10] , [11] , the implementation of this switching technique is simple and effective.
To implement the Periodic-Sampling switching technique ( Fig. 3 ) was used a combinational logic circuit, similar to that is referred in [11] , that generates the pulse patterns that respect the inverter valid states. The switching pulses are generated comparing the reference compensating currents (ica*, ich*' icc*) with the inverter currents (ira, ijh, it,) and the result of this comparison is sent to a combinational logic circuit.
It must be referred that the inverter switching states must never interrupt the DC-link inductor current [9] , otherwise can occur overvoltages in the DC-link inductor that can damage the inverter power semiconductors. IV.
CONTROL THEORY
The digital control system of the Shunt Active Power Filter described in this paper is based on the p-q Theory proposed by Akagi et al. [12] . This theory has been largely used in Voltage-Source Active Power Filters [13] , [14] , [15] . Nevertheless, in Current-Source Active Power Filters the application of the p-q Theory is restricted.
The DC-link current regulation is also done using the p-q Theory and a PI controller.
A. p-q Theory
During the simulations and the implementation of the Current-Source Active Power Filter, the p-q Theory was implemented to work as the "Sinusoidal Source Currents" algorithm [14] . To perform this task was implemented a Phase-Lock Loop Circuit (PLL) that extracts the positive sequence values of the system voltages fundamentals (ea pll, e bpll, e cpu ).
The values of those voltages and of the load currents are converted to a a-/3 reference frame applying the appropriate a-f3 transformation, (3) and (4), respectively:
The instantaneous real power, p, and the instantaneous imaginary power, q, are calculated in the a-/3 reference frame using v'" vfJ' io. and ifJ (5) .
Then, through a sliding average algorithm, is obtained the mean value of the instantaneous real power (p). The sliding average algorithm was implemented with a windows correspondent to one grid cycle. Using p and p is possible to obtain the alternating value of the instantaneous real power
Then the values of the Pre g and the q are used to calculate the reference compensating powers Px and qx (6) (7). Pre g is a real power that is necessary to regulate the DC-link current, and in steady state it is proportional to the inverter losses.
Using Px and qx it is possible to determine, in the a-f3 reference coordinates, the reference compensating currents, which shall be generated by the Current-Source Shunt Active Power Filter inverter (8) . (8) The compensating reference currents in a-f3 coordinates, icrx and i'ji, are then converted to the a-b-c coordinates system, and are used in the modulator to compare them with the inverter generated currents. After determining the compensation reference currents (ica*, ieh*' icc*), their values are compared with the Active Filter compensating currents (ira, ijh' ire), and the result is sent to a combinational logic circuit that generates the pulse patterns of the Periodic Sampling modulation technique [11] .
In Fig. 4 is shown the block diagram of the digital control system. As presented in this figure, the DC-link inductor current is controlled by a Proportional-Integral (PI) controller that generates a Pre g signal, which is proportional to the error between the reference to the DC-link current and the measured current. Because the DC-link current reference is (5) fixed, it is necessary to previously determine the amplitude of the loads currents that will be compensated, in order to adjust the value of the DC-link current reference. The DC-link current must be higher than the peak of the inverter output currents. Other possibility to control the current in the DC-link is based on a dynamic adjustment of the reference current to regulate the DC-link current accordingly to the load current consumption. However, in the results presented in this paper, the DC current reference is kept constant, and must be adjusted accordingly with the load that the Shunt Active Power Filter will compensate.
V.
SIMULATION RESULTS
The simulated inverter topology of the Current-Source Shunt Active Power Filter is the same depicted in Fig. 1 . The simulations were done using the software PSCAD from Manitoba HVDC Research Centre Inc, and were done considering real values for the simulation parameters. The Active Power Filter and the loads were connected to three-phase 40011200 V 50 Hz transformer to simulate the same conditions that will applied in the laboratorial prototype. The simulated load is a full-bridge rectifier, with resistive-inductive load (a nonlinear load). In series with the rectifier were placed three inductances with the value of 5 mHo In Table II are presented the values of the parameters used in the simulation model.
The Current-Source Shunt Active Power filter was simulated using Periodic-Sampling as modulation technique, and the sampling frequency was fixed in 16 kHz.
In Fig. 5 are shown the simulation results of the Active Power Filter when compensating the currents of a non-linear load. As it can be seen, before the compensation (Fig. 5 (a) ) the source current of phase a (isa) is highly distorted, as result of this, the system voltages (em) are also distorted. With the operation of the Active Power Filter, which generates adequate compensating currents (Fig. 6 ), the source current of phase a (isa) acquire a nearly sinusoidal waveform, as shown in Fig. 5 (b) .
In Fig. 7 is possible to see the DC-link current. This current is regulated to 5 A, which corresponds to the peak of the reference compensating currents plus the part correspondent to the losses of the inverter. In this way the inverter operates in the linear zone. This current presents a small ripple that is characteristic of the type of load that the Current-Source Active Filters is compensating. f,.
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Nevertheless is possible to see that the implemented PI controller is performing well. 
VI. EXPERIMENTAL RESULTS
To evaluate the designed and simulated Current-Source Active Power Filter under real conditions of operation, it was developed and built a laboratory prototype of the Active Filter. The prototype can compensate Power Quality problems associated with the load currents, such as harmonics and power factor, with compensation currents up to lOA peak. The developed laboratory prototype is divided in two fundamental parts: the power electronics hardware and the digital control system.
The power electronics hardware is constituted by the Current-Source inverter topology that is depicted in Fig. I . For this propose was used discrete IGBTs and diodes. In the DC-link was placed an inductance with the nominal value of
The digital control system is composed by a Texas Instruments TM S320F2812 DSP in which was implemented the p-q Theory and the other parts of the control system such as a Phase-Locked Loop and the DC-link current control. It was also used a combinational logic circuit, a Generic Array Logic (GAL) that generates the pulse patterns to the IGBTs making the interface between the DSP and the inverter. In this GAL was also implemented a logic circuit that inhibits the inverter switching pulses on the user demand. It was also implemented a signal conditioning circuit that receives the measured signals from the Hall-effect current and voltage sensors, and that adjust these signals to the range of values of the DSP ADCs.
The implemented Current-Source Active Filter was tested using similar conditions and loads of the simulations. Therefore the parameters of the experimental results can be seen in Table II . Both the Current-Source Active Filter, as the loads were connected to a 10 kV A transformer with the voltages of 40011200 V, as has been done in the simulations.
As in the obtained computer simulations, it can be seen in Fig. 9 that the full-bridge rectifier consumes currents with high levels of distortion from the electrical grid. This way, the system voltages also present some distortion due to the line impedance and the fact that is feeding a nonlinear load. As shown in Fig. 10 , after the Active Power Filter is turned-ON, it is possible to see that the source current (isa) becomes almost sinusoidal. The power factor is nearly unitary, only not being unitary due to the capacitors of the inverter passive filters and due to the fact that the compensation currents are low.
The system voltages (esa), as in the simulations, after the compensation acquire a high frequency component that is associated with the switching of the power semiconductors of the inverter.
In Fig. II is possible to see the DC-link inductance current, is also possible to see that the current is correctly regulated to 5 A, and that only presents a ripple due to the load that the Current-Source Active Power Filter is compensating.
As in the simulations, Fig. 12 shows that the DC-link inductance presents voltage spikes in their terminals.
All the experimental results indicate that the developed Current-Source Active Power Filter is operating correctly when compensating a nonlinear load (composed by a full bridge rectifier), contributing to mitigate the Power Quality problems associated with this type of load. 
VII.

CONCLUSIONS
In this paper were presented simulation and experimental results of a Current-Source Shunt Active Power Filter operating with Periodic-Sampling modulation technique. The Active Filter performs well when compensating the load harmonics. The p-q Theory performs well in the calculation of the reference compensating currents.
The experimental results obtained with a developed prototype, compensating a nonlinear load, validate the results obtained through simulation. It is possible to observe, in both simulation and experimental results, that the DC-link. current of the Shunt Active Power Filter is correctly controlled by the implemented PI controller.
